The overall objective of the present research was to develop a nanocarrier system for non-invasive delivery to brain of molecules useful for gene therapy. Manganese-containing nanoparticles (mNPs) carrying anti-eGFP siRNA were tested in cell cultures of eGFP-expressing cell line of mouse fibroblasts (NIH3T3). The optimal mNPs were then tested in vivo in mice. Following intranasal instillation, mNPs were visualized by 7T MRI throughout brain at 24 and 48 hrs. mNPs were effective in significantly reducing GFP mRNA expression in Tg GFP+ mice in olfactory bulb, striatum, hippocampus and cortex. Intranasal instillation of mNPS loaded with dsDNA encoding RFP also resulted in expression of the RFP in multiple brain regions. In conclusion, mNPs carrying siRNA, or dsDNA were capable of delivering the payload from nose to brain. This approach for delivery of gene therapies to humans, if successful, will have a significant impact on disease-modifying therapeutics of neurodegenerative diseases.
Background
Gene therapy is a promising molecular approach that can impact disease progression by modulating gene expression, either by suppressing deleterious genes or increasing expression of beneficial genes. Gene expression can be silenced with anti-sense oligonucleotides (ASO) or small interfering RNA (siRNA). In vivo delivery of siRNA or ASO has been shown to be effective in animal models of Alzheimer's disease (AD), amyotrophic lateral sclerosis (ALS), Huntington's disease (HD), spinocerebellar ataxia (SCA), anxiety, depression, neuropathic pain, encephalitis and glioblastoma [1] .
Another aspect of gene therapy is directed towards increasing gene expression of enzymes involved in biosynthesis of neurotransmitters or biosynthesis of neurotrophic factors. A total of 10 clinical trials of gene therapy for patients with Parkinson's Disease (PD) have been undertaken [2] . Many of the studies report improvements in some aspects of motor function, but none has advanced beyond Phase II [3] [4] [5] [6] [7] [8] .
A major obstacle to fulfilling the therapeutic promise of gene therapy is the requirement for an invasive delivery system (stereotaxic injection of viral vectors or infusion of ASO directly into brain or intrathecal space) [9] [10] [11] . For diseases like HD and PD that gradually encompass the entire central nervous system (CNS), repeated injections of the agent (vector encoding DNA, siRNA or ASO) into multiple brain regions over the course of the illness make it unfeasible and unacceptable. Chronic infusion of siRNA or ASO directly into brain parenchyma or into the cerebrospinal fluid via intrathecal administration using pumps is a viable approach but is liable to complications associated with neurosurgical procedures in the atrophic HD brain (increased risk of hemorrhage, infection). Another problem with the current state of the art is the reliance on viral vectors (adeno-associated viruses or lentiviruses) to deliver the gene of interest. Applying these vectors to humans carries a certain amount of risk that can be bypassed by using other vehicles and routes for gene delivery into brain. These obstacles to delivery of anti-htt siRNA has led to the present research project which explores the intranasal administration of siRNA or DNA packaged in manganese-containing chitosan-matrix nanoparticles (mNPs) that can be delivered noninvasively to brain. This delivery system evolved from abundant evidence that manganese and relatively large aggregates of manganese oxide particles are actively transported directly into brain by the olfactory and trigeminal nerves [12, 13] or via the perineural channels that envelop olfactory and trigeminal nerve axons [14] .
The overall goal of the research presented here was to develop a nanocarrier system for delivery into brain of gene-modulating molecules that otherwise could not access the CNS. The first specific goal was to optimize the design of nanoparticles (NP) carrying siRNA by testing their efficacy in silencing a target gene, green fluorescent protein (GFP) in a cell culture system that expresses GFP. The second specific goal was to demonstrate that Mncontaining nanocarriers bearing siRNA can be visualized in vivo by MRI and tracked over time as the mNPs are distributed from olfactory bulb to other regions of brain. The third objective was to test if intranasal instillation of mNPs loaded with anti-GFP siRNA would decrease expression of GFP in Tg "green mice". The fourth objective was to determine if mNPS loaded with dsDNA encoding red fluorescent protein (RFP) would be transported from nose to brain and result in expression of the payload in various brain regions.
Methods

Animals
All in vivo animal experiments were performed in accordance with the guidelines of the University of South Florida IACUC committee. Transgenic "green mice" (C57BL/6-Tg (ACTbEGFP)1Osb/J were purchased from JAX Labs, Inc; Bar Harbor, Maine, USA). These mice, which exhibit GFP+ neurons were utilized to measure the extent of GFP silencing. Normal C57Bl6J mice were used when the nanocarrier payload was dsDNA encoding red fluorescent protein (RFP) or Cy3-hsiRNA.
Fabrication of NPs
Low molecular weight chitosan (Sigma-Aldrich, Inc. St. Louis, MO) was dissolved in 1-2 mg/ml in 0.5% aqueous acetic acid solution at ambient temperature with continuous agitation for 6 h following filtration through 0.2 μm filter. Mangafodipir (MFDP) solution (0.1-4 mg/ml) was prepared in deionized water. The optimal conditions required for the formation of chitosan/MFDP coacervates (spherical colloidal droplets held together by electrostatic attractive forces) were established by ranging volumetric mixing ratios chitosan/MFDP from 0.5 to 5. Dynamic Light Scattering (DLS) measurements were carried out for adjustment of nanoparticle preparation. Nanoparticles were isolated by centrifugation at 10,000 rpm for 30 min. The coacervates in the pellet were collected and the supernatant was discarded. The separation procedure was repeated three times. For incorporation of siRNA or DNA into chitosan-MFDP nanoparticles, 10-20 μM of oligonucleotide was added to 0.1-0.2% solution of chitosan allowing binding for 3 hr. Later on, the MFDP solution (1-10 mg/ml) was added drop-wise under continuous magnetic stirring at room temperature. The preparations were kept at room temperature for 1 hr before separation procedure.
Characterization of the NPs
The hydrodynamic particle diameters of the NPs and the size distributions were measured using Dynamic Light Scattering Particle Size Distribution Analyzer LB-500 (HORIBA INSTRUMENTS INC., Irvine, CA, U.S.A.) equipped with 5-mW laser source generating wavelength of 650 nm. Processing the optical signal with digital auto-correlator allowed determination of the equivalent spherical particle size based on the Stokes-Einstein equation in range from 3 nm to 6000 nm. For size determination, 3 ml of each sample was placed in a disposable cuvette with interior length 10 × 10 mm. The instrument maintained temperature stabilization during all measurements. The samples were analyzed at 25 °C. Mean diameter ± SEM (n = 6 replications) was measured for each mNP carrying distinct nucleic acid payloads (See Table 1 ). The system was calibrated using standard polystyrene beads (Polysciences, Warrington, PA) with a mean hydrodynamic diameter of 100 nm.
For scanning electron microscopy, a 200 μL sample was spread onto carbon adhesive tape attached to a standard aluminum specimen stab and allowed to air dry. Samples were examined uncoated with a JEOL LSM-6490LV at 12-14 kV. Several images were obtained for each sample, ensuring reproducibility.
Cell Culture studies mNPs containing anti-GFP siRNA in a chitosan polymer matrix were tested in a cell culture system of eGFP-expressing mouse fibroblast cultures (NIH3T line from Cell Biolabs, Inc., San Diego, CA, USA). The mNPs were synthesized using low molecular weight chitosan (average = 89 kDa), a manganese chelate (MFDP) and siRNA or plasmid dsDNA as previously described [12] . The amount of the Mn-chelate added was 58 μM, with an estimated 470 Mn molecules per nanoparticle. In one of the MR studies, a lower concentration of Mn was also used (235 Mn molecules per NP) to determine if the NPs could still be visualized on the T 1 images. The estimated number of chitosan molecules per NP was 36 and the number of siRNA molecules loaded per NP was approximately 81. The number of chitosan molecules appears to be small, but that is because of the polymeric nature of chitosan. Given that the chitosan has an average molecular weight of 89,000 DA and one molecule of chitosan consists of 494 D-glucosamine units, there are approximately 17784 units of chitosan in the NP scaffold. mNPs, loaded with siRNA against eGFP were compared to the effects of Lipofectamine RNAi-MAX transfection reagent (ThermoFisher Scientific) in silencing eGFP in eGFPexpressing fibroblast cells (NIH3T3). Silencing efficacy and cytotoxicity was assessed using fluorescence plate reader and subsequently confirmed using Fluorescence Activated Cell Sorting (FACS). (See Supplemental material for FACS results). Transfection of NIH3T3/GFP cells was performed in 24-well plate exposed to chitosan NPs or Lipofectamine loaded with anti-eGFP siRNA. Experimental conditions were as follows:
Initial cell density = 30,000/well; siRNA concentration = 10-40 nM; Lipofectamine concentration = 2 μL/well.
Payloads packaged into mNPs
Stealth ™ RNAi GFP siRNA (Invitrogen, CA) was used to fabricate mNP for in vivo RNA interference experiments.
Plasmid dsDNA encoding Cherry Red RFP was purchased from Addgene -pQCXIB CMV/TO DsRed2 (Cambridge, MA, USA). Hydrophobically modified Cy3-tagged siRNA (hsiRNA) directed against the huntingtin gene (htt) mRNA was prepared in the Khvorova lab using methods previously described [15] (See Supplemental material).
Magnetic Resonance Imaging (MRI) was performed using a 7-T horizontal bore Scanner with a Bruker Biospec AV3HD and a 2-element cryoprobe. Each mouse was imaged individually. Prior to imaging, mice were placed in an induction chamber and anesthetized using 1% isoflurane for 5 min. Upon complete anesthetization, mice were immobilized in a custom-built insertion device equipped with a respiratory pillow and rectal probe for monitoring of respiratory functions and body temperature, respectively. While inside the magnet, the mice continuously received isoflurane and heated air, and all physiological functions were controlled with SAII monitoring and gating systems (Small Animal Instruments, Inc.).
For anatomical reference and image segmentation a TurboRare sequence was used to image in coronal and axial images of the brain with repetition time (TR) = 2427 ms, echo time (TE) = 72 ms, Matrix = 256 × 256, Field Of View = 20 × 20 mm and 11 slices with 0.4 mm thickness. Similarly T1-weighted Spin-Echo datasets were acquired with repetition time (TR) = 264 ms, echo time (TE) = 11 ms. The spatial resolution was thus 78 × 78 × 400 μm. MRI was performed at 24, and 48 h post intranasal administration. Mouse number 1 was not administered with mNPs and imaged at the same time as all the others as control. Image reconstruction and quantitative signal analysis was performed using in-house written scripts in Matlab (Mathworks Inc.).
Measurement of Cy3-tagged hsiRNA in brain regions with HPLC and fluorescence detector: A special extraction buffer was developed for this purpose (See Supplemental Material). The extraction buffer contained the following components: 25 mM Tris-HCl, pH 7.4; 20 mM NaCl; 1 mM EDTA; and 0.5% zwitterionic detergent EMPIGEN allowing direct injection of the siRNA extract into HPLC column for analysis avoiding irreversible binding detergent to the column. Optical density was recorded at 550 nm and fluorescent signal for Cy-3 tag was obtained by using 550 nm excitation and 570 nm emission wavelengths.
Analysis was performed on Perking Elmer series 200 HPLC with auto sampler and both UV and Fluorescence detector. Binary gradient pump delivers two eluents A and B programmed to create gradient in anion-exchange DNAPac PA100 oligonucleotide column (Thermofisher, Rockford, IL) suitable for elution of siRNA. Eluent A: 50 mM Tris Buffer, 2 mM EDTA and 50% acetonitrile (pH 8.0). Eluent B: 50 mM Tris Buffer, 2 mM EDTA; 2.6 M NaClO4 and 50% acetonitrile (pH 8.0). The concentrations of nasally administered hsiRNA measured in each brain region was expressed as pg/ml and as percentage of nasal dose in each brain region.
Quantitative rtPCR measurements of GFP silencing in vivo
Stealth ™ RNAi GFP siRNA (Invitrogen, CA) was used to fabricate mNP for in vivo RNA interference experiments. Main constituents comprising chitosan (CS), siRNA (RNAi) and manganese chelate participated in formation of 120 ± 15 nm mNP were presented by following ratios: RNAi/Mn/CS = 2/12/1.
Each animal received 40 μL of mNP suspension contained 0.38 nmoles of GFP siRNA in each nostril during 40 min of instillation session under isofluran anesthesia. Animals were sacrificed in 48 hr after treatment and brain tissue was dissected for analysis including RNA extraction, reverse transcription and evaluation of GFP expression by quantitative real PCR.
Extraction of GFP mRNA dissected brain tissue was carried out with RNeasy Plus Mini Kit (Quiagen, CA) according to manufacturer protocol. Approximately 30 mg of brain tissue was taken for each test yielding 15-30 μg total RNA with average concentration of 1 μg/μl. The following reverse transcription reaction was carried out with Quiagen's Quanti Tect kit and the quantitative real time PCR was performed on ViiA7 instrument (Applied Biosystems) with QuantiTect SYBR Green PCR Kit (Quiagen, CA) as instructed by manufacturer protocol.
The following primers were utilized for amplification of GFP and actin (ACT) as internal standard:
GFP-F: 5′-tggtgagcaagggcgaggag-3′ GFP-R: 5′-gggggtgttctgctggtagt-3;
ACT-F: 5′-ggctgtattcccctccatcg-3′ ACT-R: 5′-ccagttggtaacaatgccatgt-3′
Analysis of relative GFP expression was performed by using 2-delta-delta-CT method as previously described [16] .
Quantitative rtPCR based measurements of pmCherry concentration in brain tissue: To fabricate mNP for in vivo delivery of oligonucleotides we used pmCherry-N1 (Clontech laboratories, CA). Main constituents comprising chitosan (CS), plasmid (PL) and manganese chelate participated in formation of 120 ± 15 nm mNP were presented by following molecular ratios: CS/Mn/PL = 25/321/1. 
Statistical analysis a.
Results from cell culture studies are expressed as mean ± SEM (n = 8 samples per treatment). Two-way ANOVA (treatment and time factors) followed by correction for multiple comparisons (Tukey multiple comparisons test) was performed using GraphPad Prism v6 (GraphPad Software, La Jolla California USA, www.graphpad.com)
b.
MRI data are expressed as mean signal ± SEM. One-way ANOVA was performed using Matlab Statistics Toolbox (Mathworks, Inc., Natick, MA). A confidence interval of 95% was chosen and statistical significance was predetermined at p < 0.05.
c.
GFP expression in brain regions is expressed as mean RQ-1 (+/−SEM; n = 4-6). A one sample t-test comparing mean RQ-1 to untreated control in each brain region was performed using GraphPad Prism v6 (La Jolla, CA).
d.
Data from the measurement of hsiRNA levels in brain regions over time was expressed as mean concentration (ng/g tissue) +/− SEM (n = 4-6 per brain region)
e.
Data from cherry red dsDNA expression following administration of NP-dsDNA is expressed as mean DNA concentration ± SEM (n = 4 per brain region).
Results
Nanoparticles were fabricated by coacervation of nucleic acids (siRNA or DNA) with chitosan and Mangafodipir (MFDP) serving as the intermolecular cross-linker for the chitosan polymer. The effect of fabrication conditions on the physical properties was examined by dynamic light scattering (DLS) and scanning electron microscopy (SEM). The nanoparticles formed only within a certain range of chitosan, DNA/RNA and MFDP concentrations. SEM of the NPs revealed a core-shell structure for nanoparticles with a median dry diameter of 100 nm (range of 90-114 nm) (Fig. 1) . All experiments described here utilized mNPs within this size range.
Incubation of the NIHT3 cells with mNPs containing anti-GFP siRNA resulted in statistically significant down regulation of GFP expression. The overall reductions in GFP fluorescence at both 48 and 72 hr can be seen visually with fluorescence microscopy and measured by fluorescence at 520 nm (Fig. 2) . Although there was no significant difference between effects of mNP and lipofectamine at 72 hr (77% reduction with mNP and 84% reduction with lipofectamine), the mNPs were found less effective at 48 hr than the lipofectamine. This suggests a slower release of anti-GFP content from mNPs.
Lipofectamine is broadly used as the reference standard for evaluation of transfection efficacy with new nanoparticles. This comparison with lipofectamine is not especially useful in predicting in vivo outcomes especially with nanoparticles that slowly release the payload.
More likely, fast release will exhaust nanoparticle capacity to deliver content to the intended targets deeper in brain.
Another important feature of the novel mNPs is their low toxicity. Fluorescence activated cell sorting (FACS) was used to enumerate ethidium + cells as an index of toxicity as well as to count GFP+ cells (See Supplementary Material, Fig S-5 ). The percentage of total cells that were ethidium+ ("dead" cells) after 72 h was 3.89% in lipofectamine-treated cultures compared to 2.15% in mNP-treated cultures. These results indicate that presence of Mn in nanoparticles in amounts used for fabrication was not toxic and did not impede gene silencing.
In vivo studies revealed accumulation of mNPs in olfactory bulb and other brain regions after intranasal installation. MR imaging of anesthetized mice 24 and 48 hr after intranasal instillation of mNPs carrying anti-GFP siRNA showed accumulation of NPs in various brain regions, indicated by increased manganese signal intensity in T 1 -weighted images. The Mn signal was quantified in 4 brain regions using parcellation software. The analyzed regions (olfactory bulb, hippocampus, cerebral cortex and corpus striatum) all exhibited significant increases in Mn signal, peaking at 24 hr (Fig. 3E-F) . It is possible that peak Mn signal might have been higher in olfactory bulb if scanning had been done earlier than 24 hr. The greatest change in Mn signal was measured in the cerebral cortex, where the signal increased to a mean of 97 ± 17% of baseline at 24 hr and declined to 48.6 ± 17.4% after 48 hr. The peak changes in Mn signal in other regions were somewhat less but comparable to the cerebral cortex (hippocampus = 89.1 ± 19.7%; striatum = 77.3 ± 14.4% olfactory bulb = 68.6 ± 19.4%; of baseline). These results replicate the time course of Mn signal obtained from an earlier experiment conducted in an older small bore MRI system before the updraded equipment used to generate the present MRI data. That earlier study used a different set of mice and explored NPs with two concentrations of Mn (see Supplementary Material, Fig  S-6 ). All four brain regions exhibited peak Mn signal at 24 hrs followed by a dropoff by 48 hrs. In that earlier experiment, olfactory bulb had the highest Mn signal at 24 hrs.
After completion of the MR scans at 48 h, mice were euthanized and 4 brain regions were dissected and processed for RT-PCR of GFP mRNA expression. GFP mRNA levels were significantly decreased in all brain regions analyzed (Fig. 4) . All four regions exhibited at least a 50% decrease in GFP mRNA expression. No attempt was made to quantify fluorescence intensity in various brain regions because GFP fluorescence is cell-type specific and exhibits various degrees of fluorescence intensity within specific cells in this Tg "green mouse.
(see Supplementary Material Figs. S-7).
To determine the actual concentrations of the siRNA carried by the NPs, we utilized a novel method to measure hsiRNA tagged with the fluorescent marker Cy3, in each of four brain regions using HPLC with fluorescence detector (Fig. 5 ). This Cy3-hsiRNA was designed to a) allow quantitative measurement of its levels in brain tissue over time and b) to silence the Huntington's Disease (htt) gene [15] (See Supplementary Material describing sequence of hsiRNA). Future studies are planned to test the anti-htt mNPs-Cy3-hsiRNA in a mouse model of HD. In the first 12 hrs, the highest levels of hsiRNA were found in olfactory bulb and hippocampus with very low levels found in cortex and striatum at 12 hrs. By 48 hrs after administration, levels in cerebral cortex and striatum were much higher than olfactory bulb and hippocampus. Of the total amount of hsiRNA administered intranasally, approximately 0.7% of that dose was distributed to cortex, striatum and olfactory bulb (Fig. 5B) .
To determine the extent to which genes can be expressed in various brain regions following intranasal administration, dsDNA encoding RFP was packaged into mNPs. Forty-eight hours after intranasal instillation, RFP was visualized in olfactory bulb, striatum, cortex and hippocampus (Fig. 6) . The fluorescence signal of the RFP expressed gene was co-expressed in tyrosine hydroxylase (TH+) neurons in the zona glomerulosa of the olfactory bulb (Fig.  6A) . RFP was also expressed in other cell types, not identified at this time. In the ventral striatum co-expression of RFP within neurons (NeuN + cells) revealed the perinuclear pattern of its expression (Fig. 6C) . Striatal RFP DNA levels were higher than other brain regions at 48 hrs after intranasal administration of the nanoparticles (Fig. 6D ).
Discussion
The intranasal route of drug delivery has traditionally been used to administer small, lipophilic drugs that are rapidly absorbed into the capillaries of the nasal epithelium, resulting in rapid onset of CNS actions. Many neurotherapeutic agents, especially polynucleotides and proteins, do not readily cross the blood-brain barrier and cannot survive intact in the gut or blood. Hence, gene therapy for brain disorders has required direct neurosurgical microinjection or infusion into brain or cerebrospinal fluid. However, recent research has demonstrated direct nose-to-brain delivery of relatively large molecules, including neurotrophins (NGF and insulin-like growth factor [IGF]-1), neuropeptides, cytokines (interferon β-1b and erythropoietin as well as polynucleotides (DNA plasmids and genes) [17] [18] [19] [20] [21] [22] [23] [24] . In a most recent example, compacted DNA nanoparticles (encoding a reporter gene, eGFP) were successfully delivered from nose to brain in rats without the need for viral vectors. [24] eGFP protein expression was observed 2 days after intranasal delivery and were found throughout the rostral-caudal axis of the brain.
The present report demonstrates a novel manganese-chelate nano-carrier system for direct nose-to-brain delivery of siRNA and DNA. Inclusion of Mn in the nanocarrier structure was shown to be useful in tracking the distribution of the NPs in vivo. In addition, Mn content of the nanocarrier did not impede the functional activity of siRNA or the expression of DNA. eGFP mRNA expression was decreased by at least 50% in four brain regions that also exhibited significantly increased Mn signal in T 1 -weighted MR images. mNPs loaded with dsDNA encoding RFP was expressed in corpus striatum and other regions following intranasal administration. Hence, this novel nanocarrier system was effective in delivering nucleic acid payloads that exhibited the expected activity in brain tissue.
There are three potential nose-to-brain routes that bypass the blood-brain-barrier [14] : 1) Direct uptake into olfactory or trigmeninal nerve terminals with axonal transport to the olfactory bulb and pons, respectively, as has been shown with manganese particles alone; 2) Transport via perineural spaces to the cerebrospinal fluid followed by distribution along the sub-arachnoid space where NPs are carried along by bulk flow; 3) Transport along perivascular channels. This last route was the most likely mechanism by which compacted DNA was transported from nose to the entire neuraxis [24] .
The direct uptake of NPs by olfactory sensory neurons involves endocytosis, which can be either clathrin receptor-mediated or receptor-independent macropinocytosis [25] . We hypothesize that the divalent metal transporter may be important in the early endosomal processing of the NPs during which the chitosan is metabolized, Mn++ ion is transported out of the endosome and siRNA escapes into cytoplasm. Furthermore, it is hypothesized that late endosomes carry the residual mNPs to the Golgi apparatus and from there, small exosomes can be extruded by exocytosis into the extracellular milieu. Presumably other cells take up the mNPs and repeat the process, resulting in dissemination of the NPs to other regions of brain.
A potential pitfall inherent in this study is that cellular processing of the NP in the olfactory bulb (or other brain regions) will liberate Mn allowing it to disseminate throughout the brain independent of its payload (plasmid DNA or siRNA). In fact, free Mn++ ion, released from its chelate Mangafodipir, is responsible for MR contrast on T1-weighted imaging [26] . Relying on distribution of the Mn signal alone cannot provide information on how well the plasmid DNA or siRNA is transported along with the Mn to those regions. Therefore, the actual concentrations of the siRNA in each brain region needs to be measured, as was done for the Cy3-tagged hsiRNA in the present report.
Mn delivered chronically at high concentrations can be neurotoxic [27] [28] [29] [30] . However, Mn is cleared very efficiently from brain and body by homeostatic mechanisms, providing the liver is healthy [31, 32] . Moreover, the amount of Mn included in the NPs (58 μM) was 5 fold lower than previously reported cytotoxic concentrations. Studies of Mn toxicity in PC12 cells have shown 50% cell death at 48 h when 300 μM was added to the cultures [33] . Other reports have shown concentrations of MnCl 2 from 50 to 500 μM added to PC12 cells were minimally toxic, unless melanin was added to the mix [34] . As shown in the present report, addition of manganese-containing nanocarriers of siRNA directly to cells in vitro was not any more toxic than lipofectamine delivery of siRNA, with dead cells ranging from 2 to 4% of total cells in culture.
The greatest advantage of the nanocarrier approach described here will be the ability to dose patients simply, non-invasively and chronically via intra-nasal administration of nanocarriers of gene-silencing agents or other large therapeutic molecules. The nanocarriers will have their greatest impact on neurodegenerative disorders but will also be advantageous for slowing normal aging processes in brain because of the ability to intermittently deliver growth factors packaged in the NPs. The intranasal delivery of nanocarriers will have a widespread and dramatic impact in the therapeutics of brain disorders and normal aging.
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